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Purpose: To compare the diagnostic accuracy of computed to-
mography (CT) and positron emission tomography (PET) with
18-fluorodeoxyglucose (FDG) for mediastinal staging in patients
with non–small-cell lung cancer and to determine whether test
results are conditionally dependent (the sensitivity and specificity
of FDG-PET depend on the presence or absence of enlarged me-
diastinal lymph nodes on CT).

Data Sources: Computerized search of MEDLINE, EMBASE,
BIOSIS, and CancerLit through March 2003 and reference lists of
retrieved studies and review articles.

Study Selection: Studies in any language that examined FDG-
PET for mediastinal staging in patients with known or suspected
non–small-cell lung cancer, enrolled at least 10 participants (in-
cluding at least 5 participants with mediastinal metastasis), and
provided enough data to permit calculation of sensitivity and
specificity for identifying lymph node involvement.

Data Extraction: One reviewer (of non–English-language stud-
ies) or 2 reviewers (of English-language studies) independently
evaluated studies for inclusion, rated methodologic quality, and
abstracted relevant data.

Data Synthesis: Thirty-nine studies met inclusion criteria. Meth-
odologic quality varied, but few aspects of study quality affected
diagnostic accuracy. The authors constructed summary receiver-

operating characteristic curves for CT and FDG-PET. Positron
emission tomography with 18-fluorodeoxyglucose was more ac-
curate than CT for identifying lymph node involvement (P <
0.001). For CT, median sensitivity and specificity were 61% (in-
terquartile range, 50% to 71%) and 79% (interquartile range,
66% to 89%), respectively. For FDG-PET, median sensitivity and
specificity were 85% (interquartile range, 67% to 91%) and 90%
(interquartile range, 82% to 96%), respectively. Fourteen studies
provided information about the conditional test performance of CT
and FDG-PET. Positron emission tomography with 18-fluorode-
oxyglucose was more sensitive but less specific when CT showed
enlarged lymph nodes (median sensitivity, 100% [interquartile
range, 90% to 100%]; median specificity, 78% [interquartile
range, 68% to 100%]) than when CT showed no lymph node
enlargement (median sensitivity, 82% [interquartile range, 65% to
100%]; median specificity, 93% [interquartile range, 92% to
100%]; P � 0.002).

Conclusions: Positron emission tomography with 18-fluorode-
oxyglucose is more accurate than CT for mediastinal staging.
Positron emission tomography with 18-fluorodeoxyglucose is
more sensitive but less specific when CT shows enlarged medi-
astinal lymph nodes.
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Accurate mediastinal staging is crucial in managing pa-
tients with non–small-cell lung cancer. Regional

lymph node status is an important determinant of progno-
sis, and decisions about treatment depend critically on tu-
mor stage. Conventional methods for mediastinal staging
include computed tomography (CT) and various biopsy
procedures. However, CT has poor sensitivity and specific-
ity for identifying mediastinal metastases (1–3), and biopsy
procedures are inconvenient and potentially risky.

Positron emission tomography (PET) with 18-fluoro-
deoxyglucose (FDG) is a promising but expensive func-
tional imaging test that is rapidly gaining acceptance as a
tool for lung cancer staging (4, 5). Positron emission to-
mography with 18-fluorodeoxyglucose identifies malignant
cells in tumors and lymph nodes on the basis of their
increased metabolic rate (6). In the past decade, several
studies of PET imaging for mediastinal staging were pub-
lished. These studies suggested that FDG-PET is more ac-
curate than CT for identifying mediastinal metastases.
However, most were small and potentially limited by other
methodologic shortcomings. In addition, previous studies

have not systematically addressed the conditional test per-
formance of FDG-PET and CT. Conditional test perfor-
mance refers to the possibility that the sensitivity and spec-
ificity of 1 test might differ depending on the results of the
other test (7). The results of FDG-PET and CT might be
mutually dependent, despite the fact that they identify ma-
lignant lymph nodes by different mechanisms. In a prelim-
inary analysis, we found that FDG-PET was more sensitive
but less specific in patients with lymph node enlargement
on CT (8). If confirmed, this finding has important impli-
cations for selecting and interpreting tests in mediastinal
staging. For example, if FDG-PET is more sensitive when
lymph node enlargement is present on CT, then a negative
PET result would “rule out” disease more reliably (because
its negative predictive value would be higher). Conse-
quently, confirmatory mediastinal biopsy might not be
necessary in some of these patients, especially when pretest
probability is low.

We performed this meta-analysis to compare the accu-
racy of FDG-PET and CT for identifying mediastinal me-
tastasis in patients with non–small-cell lung cancer. We
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also aimed to determine whether the results of FDG-PET
and CT are conditionally dependent, that is, whether the
sensitivity and specificity of FDG-PET depend on the
presence or absence of lymph node enlargement on CT.
Finally, we explored whether various aspects of study
methods affected diagnostic accuracy.

METHODS

We used systematic review methods to identify poten-
tially relevant studies, assess studies for eligibility, evaluate
study quality, and derive summary estimates of diagnostic
test performance (9–12). We previously used similar meth-
ods to evaluate the accuracy of FDG-PET imaging for di-
agnosis of pulmonary nodules and mass lesions (13). Ad-
ditional details about our methods can be found in the
Appendix (available at www.annals.org).

Study Identification
We attempted to identify all published studies that

examined FDG-PET imaging for mediastinal staging in
patients with known or suspected non–small-cell lung can-
cer. We sought studies that evaluated both FDG-PET and
CT, but we did not attempt to identify studies that exam-
ined only CT for mediastinal staging. An investigator and
a professional librarian searched MEDLINE, CancerLit,
and EMBASE databases in August 2001 and repeated
searches in June 2002 (Appendix Table 1, available at www
.annals.org). We updated the literature search in MED-
LINE, EMBASE, Current Contents, and BIOSIS through
27 March 2003 as part of a technology assessment per-
formed for the U.S. Department of Veterans Affairs (Ap-
pendix Table 2, available at www.annals.org). We aug-

mented our computerized literature searches by manually
reviewing the reference lists of identified studies and review
articles. We included studies published in any language but
did not include abstracts. For English-language studies, 2
investigators independently evaluated studies for inclusion,
rated the methodologic quality of included studies, and
abstracted relevant data. Disagreements were resolved by
discussion. One reviewer performed these tasks for non–
English-language studies. Reviewers were blinded to jour-
nal, author, institutional affiliation, and date of publica-
tion.

Study Eligibility
We included studies that examined FDG-PET imag-

ing for mediastinal lymph node staging in patients with
known or suspected non–small-cell lung cancer; enrolled at
least 10 participants, including at least 5 participants with
lymph node metastases; and provided enough data to per-
mit calculation of sensitivity and specificity for identifying
malignant lymph node involvement.

Study Quality
We adapted an existing instrument (11, 13) to exam-

ine 7 aspects of study quality: technical quality of the index
tests, technical quality and application of the reference test,
independence of test interpretation, description of the
study population, cohort assembly, sample size, and unit of
analysis (Appendix Table 3, available at www.annals.org).

Data Abstraction
We abstracted data about the demographic character-

istics of participants, the prevalence of malignant lymph
node involvement, and the sensitivity and specificity of CT
and FDG-PET for identifying malignant lymph nodes. For
studies that reported results by using the patient as the unit
of analysis, we determined the ability of CT and FDG-
PET to distinguish ipsilateral or contralateral mediastinal
lymph node involvement (N2 or N3) from hilar, intrapul-
monary, or no lymph node involvement (N0 or N1). This
distinction is critical because involvement of N2 or N3
nodes usually indicates non–surgically treatable disease.
When it was not possible to make this distinction, we
determined test sensitivity and specificity for distinguishing
N0 lymph node status from N1, N2, or N3 lymph node
status. For studies in which the individual patient was not
the unit of analysis, we determined the test sensitivity and
specificity for identifying malignant lymph nodes or lymph
node stations. Because observations are not independent
when several lymph nodes from the same patient are ana-
lyzed separately, these studies may yield biased estimates of
diagnostic test performance. Therefore, we analyzed data
from these studies separately.

To determine whether the sensitivity and specificity of
FDG-PET depended on the presence or absence of en-
larged nodes on CT, we recorded the results of FDG-PET,
CT, and the reference test or tests for each patient. This
enabled us to derive separate estimates for the sensitivity

Context

Is computed tomography (CT) or positron emission to-
mography with 18-fluorodeoxyglucose (FDG-PET) better
for mediastinal staging of non–small-cell lung cancer?

Contribution

This synthesis of 39 studies found that FDG-PET was more
accurate than CT for identifying lymph node involvement.
Positron emission tomography with 18-fluorodeoxyglucose
was more sensitive but less specific when CT showed en-
larged nodes than when CT showed no node enlarge-
ment.

Implications

Positron emission tomography with 18-fluorodeoxyglucose
is more accurate than CT for mediastinal staging. Because
FDG-PET has more true-positive and false-positive findings
in patients with enlarged nodes, positive findings warrant
biopsy confirmation. Interpretation of negative FDG-PET
findings should rely heavily on pretest probability of me-
tastasis regardless of CT findings.

–The Editors
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and specificity of FDG-PET in patients with and without
lymph node enlargement on CT.

Data Synthesis and Statistical Analysis
For each study, we constructed 2 � 2 contingency ta-

bles in which all participants were classified as having pos-
itive (N2 or N3) or negative (N0 or N1) results and as
having or not having mediastinal lymph node involvement
as determined by the reference test or tests. We calculated
the true-positive rate (true-positive rate � sensitivity), the
false-positive rate (false-positive rate � 1 � specificity),
and the log odds ratio (log odds true-positive rate � log
odds false-positive rate) for CT and FDG-PET. The log
odds ratio is a measure of diagnostic test performance that
accounts for the correlation between the true-positive rate
and the false-positive rate. We calculated exact 95% CIs
for the true-positive rate and the false-positive rate on the
basis of the binomial distribution (14).

To derive summary estimates of diagnostic test perfor-

mance, we constructed summary receiver-operating charac-
teristic (ROC) curves by using the method of Moses (12,
13, 15, 16), which confirmed that the curves were symmet-
rical and could be described by a single parameter, the
summary log odds ratio. Because this method requires the
use of a correction factor when the reported sensitivity or
specificity is 100%, we calculated the summary diagnostic
odds ratios by using a fixed-effects model (17), or a ran-
dom-effects model when there was evidence of heterogene-
ity (18), and reported results derived from these models.
Because the summary log odds ratio is difficult to interpret
clinically, we express our results in terms of the maximum
joint sensitivity and specificity (12), a transformation of
the summary log odds ratio that is a global measure of
diagnostic accuracy, similar to the area under the ROC
curve. The maximum joint sensitivity and specificity is the
point on the summary ROC curve at which sensitivity and
specificity are equal. It varies from 0.5 for a test that pro-

Figure 1. Reports evaluated for inclusion in the meta-analysis.

The initial search took place from 1966 through 1 June 2002, and the supplemental search took place from 1998 through 27 March 2003. PET �
positron emission tomography.
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vides no diagnostic information to 1.0 for a test that is
perfect.

We used meta-regression to make all statistical com-
parisons (19), with 1 exception. To compare the sensitivity
and specificity of FDG-PET in patients with and without
lymph node enlargement, we used discriminant function
analysis (20) and a nonparametric permutation test (21).
We considered a 2-sided P value less than 0.05 to be sig-
nificant for all statistical tests.

Sensitivity Analysis
In prespecified analyses, we examined the effect of year

of publication, language, and individual aspects of study
quality on the diagnostic accuracy of FDG-PET. We used
meta-regression to compare groups of studies. To check for
publication bias, we created inverted funnel plots of indi-
vidual study log odds ratios plotted against sample size (22).

Role of the Funding Source
The funding source had no role in the collection, anal-

ysis, or interpretation of the data or in the decision to
publish the manuscript.

RESULTS

Our initial search identified 570 studies, including 73
studies that were potentially relevant to mediastinal staging
with FDG-PET (Figure 1). Of these, we excluded 29 stud-
ies because the number of participants was not sufficient (23–
31), data necessary to permit calculation of sensitivity and
specificity were not provided (25, 28, 32–46), or duplicate
data were reported (32, 47–51). Four additional studies were
excluded because they evaluated FDG imaging with a modi-
fied gamma camera (52–55). We also excluded 3 non–En-
glish-language papers that were review articles or case reports
(56–58). Another study of mediastinal staging was excluded
because almost one third of the participants had small-cell
lung cancer or mesothelioma (59).

The supplemental search conducted for the Depart-
ment of Veterans Affairs identified 508 studies, including
70 studies that were potentially relevant to mediastinal
staging with FDG-PET (Figure 1). Of these, 6 studies that
had not been identified previously were judged to be po-
tentially eligible for inclusion and underwent detailed re-
view. Three of these studies were excluded because they did
not present enough data to permit calculation of sensitivity
and specificity (60–62).

Study Description
Thirty-nine studies met the inclusion criteria (63–101).

Of these, 28 studies reported results by using the patient as
the unit of analysis, 6 studies reported results by using
lymph nodes or lymph node stations as the unit of analysis,
and 5 studies reported results in both ways (Appendix Ta-
ble 4, available at www.annals.org). The median number
of participants per study was 51 (range, 18 to 237). The
mean age of participants was 56 to 69 years, and the me-
dian proportion of male participants was 64% (range, 48%

to 99%). In studies that reported results by using the pa-
tient as the unit of analysis, the median prevalence of ma-
lignant lymph nodes was 32% (range, 5% to 64%). In
studies that reported results by using lymph nodes or
lymph node stations as the unit of analysis, the median
prevalence of malignancy was lower (median, 16% [range,
7% to 37%]; P � 0.001). Ten studies provided usable data
for FDG-PET but not for CT (73, 85, 89, 91–93, 96, 98,
99, 101).

Study Quality
Because our criteria for assessing quality were strin-

gent, no study met all of them. Seventeen studies (44%)
met at least 70% of the 22 criteria on our study quality
checklist (63–67, 70, 71, 73–75, 77, 79, 90, 92, 94, 97,
98). Five studies met fewer than 50% of the criteria (82,
85, 93, 95, 100). Appendix Table 4 (available at www
.annals.org) shows selected aspects of methodologic quality
for each study. In general, studies followed guidelines pub-
lished by the Society of Nuclear Medicine for performing
FDG-PET imaging. However, only 11 studies (28%) in-
dicated that participants with hyperglycemia were ex-
cluded. Most studies adequately described the technical as-
pects of CT, although only 32% specified the use of spiral
CT or an acquisition time of 2 seconds or less. While more
than 90% of the studies required positive results from bi-
opsy specimens to confirm mediastinal metastasis, only
47% required thoracotomy with systematic sampling of
both normal- and abnormal-appearing lymph nodes at all
accessible mediastinal stations to verify the absence of me-
diastinal involvement. In 56% of the studies, readers of
FDG-PET and CT were blinded to the final diagnosis, and
imaging tests were interpreted independently in less than
half of the studies. Ninety percent of the studies enrolled a
clinically relevant cohort of participants with known or
suspected non–small-cell lung cancer, but participants were
enrolled prospectively in only 51% of the studies. Charac-
teristics of participants were completely described in just
over half of the studies. Almost 45% of the studies enrolled
at least 35 participants with lymph node metastases or 35
participants without lymph node metastases.

Diagnostic Accuracy of CT and FDG-PET: Patient-Level
Data

In studies that reported results by using the individual
patient as the unit of analysis, FDG-PET was more accurate
than CT for identifying mediastinal metastasis (P � 0.001).
The median sensitivity and specificity of CT were 61% (in-
terquartile range, 50% to 71%) and 79% (interquartile range,
66% to 89%), respectively (Figure 2, Table). The median
sensitivity and specificity of FDG-PET were 85% (interquar-
tile range, 67% to 91%) and 90% (interquartile range, 82%
to 96%), respectively (Figure 3, Table).

The maximum joint sensitivity and specificity of CT
was 70% (95% CI, 67% to 73%), indicating that diagnos-
tic accuracy was only fair. Sensitivity was 59% (CI, 52% to
66%) at the point on the summary ROC curve that cor-
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responded to the median specificity of 79% (Figure 4).
Corresponding likelihood ratios for positive and negative
CT results were 2.8 and 0.5, respectively.

The maximum joint sensitivity and specificity of FDG-
PET was 86% (CI, 83% to 88%), indicating that diagnostic
accuracy was very good. Sensitivity was 81% (CI, 74% to
86%) at the point on the summary ROC curve that corre-
sponded to the median specificity of 90% (Figure 4). Corre-

sponding likelihood ratios for positive and negative FDG-
PET results were 8.1 and 0.2, respectively.

Diagnostic Accuracy of CT and FDG-PET: Lymph Node–
or Lymph Node Station–Level Data

In studies that reported results by using lymph nodes or
lymph node stations as the unit of analysis, the median sensi-
tivity and specificity of CT were 62% (interquartile range,

Figure 2. Individual study estimates of sensitivity and 1 � specificity of computed tomography for identifying mediastinal metastasis.

Error bars represent 95% CIs. Three studies reported results by using both the patient and lymph nodes or lymph node stations as the units of analysis;
these 3 studies are listed twice (70, 74, 75).
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52% to 65%) and 91% (interquartile range, 85% to 93%),
respectively. The median sensitivity and specificity of FDG-
PET were 83% (interquartile range, 73% to 89%) and 97%
(interquartile range, 90% to 98%), respectively. Compared
with studies that reported results by using the patient as the
unit of analysis, these studies overestimated the diagnostic ac-
curacy of both CT (P � 0.02) and FDG-PET (P � 0.04).

Accuracy of FDG-PET in Patients with and without
Lymph Node Enlargement on CT

We estimated the sensitivity and specificity of FDG-PET
for identifying mediastinal metastasis in patients with and
without enlarged lymph nodes on CT on the basis of data
from 14 studies (63, 64, 66, 67, 69–71, 80–83, 86, 87, 90).
In these studies, the median prevalence of mediastinal metas-
tasis was higher in patients with enlarged lymph nodes (63%
[interquartile range, 51% to 69%]) than in patients who did
not have lymph node enlargement (20% [interquartile range,
17% to 27%]; P � 0.001).

The maximum joint sensitivity and specificity of FDG-
PET was similar in patients with and without lymph node
enlargement on CT (P � 0.2). Accordingly, summary ROC
curves for FDG-PET in patients with and without lymph
node enlargement were almost identical (Figure 5). However,
the presence or absence of enlarged lymph nodes appeared to
influence the operating point on the ROC curves. When CT
showed enlarged lymph nodes, median sensitivity was 91%
(CI, 79% to 96%) at the point on the summary ROC curve
that corresponded to the median specificity of 78% (Table).
In contrast, when CT did not show enlarged nodes, sensitivity
was 75% (CI, 59% to 87%) at the point on the summary
ROC curve that corresponded to the median specificity of
93% (Table). Discriminant function analysis confirmed that
the sensitivity and specificity of FDG-PET differed in the 2
groups of patients (P � 0.002)

Performance of CT in Patients with Positive and
Negative FDG-PET Results

The maximum joint sensitivity and specificity of CT
was poor when FDG-PET results were positive (54% [CI,
45% to 63%]) or negative (59% [CI, 49% to 67%]).
Thus, CT provided little diagnostic information once the
results of FDG-PET were known.

Sensitivity Analysis
Diagnostic accuracy was better in studies published

before 1999 than for studies published after 1999 (P �
0.03). Likewise, diagnostic accuracy was better when stud-
ies reported that PET imaging was performed on patients
in the fasting state (P � 0.02), but no other aspect of study
quality affected test performance. Accuracy was similar in
prospective and retrospective studies (P � 0.2), in English-
language and non–English-language studies (P � 0.2), and
in studies that did and did not meet at least 70% of our
criteria for methodologic quality (P � 0.2). An inverted
funnel plot did not raise suspicion of publication bias.

Calculation of Post-Test Probability
When the pretest probability of mediastinal metastasis

is 35% and CT shows enlarged lymph nodes, estimated
post-test probabilities when FDG-PET results are positive
and negative are 86% (CI, 85% to 87%) and 13% (CI, 3%
to 24%), respectively (Figure 6). If unconditional estimates
of the sensitivity and specificity of FDG-PET had been
used to make the calculations, post-test probabilities would
have been 93% and 24% when FDG-PET results were
positive and negative, respectively (Appendix Figure, avail-
able at www.annals.org). When pretest probability is 35%
and there is no lymph node enlargement, estimated post-
test probabilities are 79% (CI, 72% to 83%) and 9% (CI,
4% to 14%) when FDG-PET results are positive and neg-

Table. Summary of Meta-Analysis Results*

Variable Median
Sensitivity
(IQR)

Median
Specificity
(IQR)

Maximum Joint
Sensitivity and
Specificity
(95% CI)†

Sensitivity at Point on
Summary ROC Curve
Corresponding to
Median Specificity
(95% CI)

Specificity at Point on
Summary ROC Curve
Corresponding to
Median Sensitivity
(95% CI)

Likelihood
Ratio for
Positive
Test‡

Likelihood
Ratio for
Negative
Test‡

4OOOOOOOOOOOOOOOOOOOOO%OOOOOOOOOOOOOOOOOOOOO3
CT

All studies (1119 patients in
23 studies) 61 (50–71) 79 (66–89) 70 (67–73) 59 (52–66) 78 (72–83) 2.8 0.5

PET
All studies (1959 patients in

32 studies) 85 (67–91) 90 (82–96) 86 (84–88) 81 (74–86) 86 (81–90) 8.1 0.2
Patients with enlarged

lymph nodes on CT (214
patients in 12 studies) 100 (90–100) 78 (68–100) 85 (79–90) 91 (79–96) NC 4.1 0.1

Patients without enlarged
lymph nodes on CT (479
patients in 14 studies) 82 (65–100) 93 (92–100) 87 (84–89) 75 (59–87) 90 (82–95) 10.7 0.3

* CT � computed tomography; IQR � interquartile range; NC � not able to calculate; PET � positron emission tomography; ROC � receiver-operating characteristic.
† The maximum joint sensitivity and specificity is the point on the summary ROC curve at which sensitivity and specificity are equal; it is a global measure of test
performance, similar to the area under the curve, and does not necessarily represent the optimal operating point or the one applied in everyday clinical practice.
‡ To calculate likelihood ratios, we used the point on the summary ROC curve that corresponded to the median specificity.
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Figure 3. Individual study estimates of sensitivity and 1 � specificity of positron emission tomography with 18-fluorodeoxyglucose
for identifying mediastinal metastasis.

Error bars represent 95% CIs. Five studies reported results by using both the patient and lymph nodes or lymph node stations as the units of analysis;
these 5 studies are listed twice (70, 73–75, 96).
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ative, respectively (Figure 6). Post-test probabilities based
on unconditional estimates of sensitivity and specificity
would have been 69% and 6%, respectively (Appendix
Figure, available at www.annals.org).

DISCUSSION

In this meta-analysis, we found that FDG-PET is
more accurate than CT for mediastinal staging in patients
with non–small-cell lung cancer. We estimate that, in cur-
rent practice, the sensitivity and specificity of CT are ap-
proximately 59% and 79%, respectively. In comparison,
the sensitivity and specificity of FDG-PET are approxi-
mately 81% and 90%, respectively. While FDG-PET is an
important advance in noninvasive staging, it is not perfect.
False-positive FDG-PET results have been reported in pa-
tients with postobstructive pneumonia and granulomatous
disease. In addition, the spatial resolution of the current
generation of PET scanners is approximately 7 mm. While
it is possible for PET imaging to detect smaller lesions that
are intensely hypermetabolic, the high false-negative rate
(approximately 25%) in patients without lymph node en-

largement on CT confirms that nodal size has an impor-
tant effect on diagnostic accuracy. Another consequence of
the limited spatial resolution of PET imaging is that the
distinction between hilar (N1) and mediastinal (N2)
lymph nodes, which has important implications for both
treatment selection and prognosis, is sometimes difficult to
make. Advances in PET technology, including the refine-
ment of hybrid PET–CT scanners, may help to overcome
some of these limitations in the future (102).

Although we identified considerable variability in
study methods, only 3 factors affected PET performance.
First, we found that diagnostic accuracy was better when
studies reported that FDG-PET imaging was performed on
patients in the fasting state. Second, we found that accu-
racy was better in studies published before 1999. Never-
theless, our estimates of sensitivity and specificity are sim-
ilar to estimates previously reported in a meta-analysis by
Dwamena and colleagues (103) who examined studies
published before January 1998. As we stated previously in
a meta-analysis of studies of FDG-PET for pulmonary
nodule diagnosis, the lower accuracy observed in more re-

Figure 4. Summary receiver-operating characteristic curves and 95% CIs for mediastinal staging with positron emission tomography
with 18-fluorodeoxyglucose (FDG-PET) and computed tomography (CT).

Individual study estimates of sensitivity and 1 � specificity are shown for FDG-PET (open circles) and CT (open squares). The approximate points on the
curves where FDG-PET and CT operate in current practice are indicated (solid circle and solid square, respectively).
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cent studies could be due to enrollment of less highly se-
lected patient samples or dissemination of PET technology
to centers with less experience (13). Finally, we found that
studies in which lymph nodes or lymph node stations were
used as the unit of analysis tended to overestimate diagnos-
tic accuracy, especially specificity. In these studies, obser-
vations are not statistically independent, that is, if a given
patient has 1 positive lymph node, that patient is more
likely to have other positive lymph nodes. In addition, it is
important to note that the clinically relevant unit of anal-
ysis is the patient, not the lymph node. In general, treat-
ment decisions depend on the presence or absence of
lymph node involvement rather than the number of in-
volved nodes. Because of these considerations, we recom-
mend that future studies of tests for mediastinal staging
report results by using the individual patient as the unit of
the analysis.

To our knowledge, this is the first study to systemati-
cally evaluate the conditional test performance of FDG-
PET and CT, although others have briefly addressed this

issue using less rigorous methods (104, 105). Summary
ROC curves for FDG-PET in patients with and without
enlarged mediastinal nodes were almost identical, suggest-
ing that PET and CT results might be independent (Fig-
ure 5). However, FDG-PET appeared to operate at differ-
ent points on the curves, depending on the presence or
absence of lymph node enlargement. In patients with en-
larged lymph nodes, FDG-PET operated near a point
where sensitivity and specificity were 91% and 78%, re-
spectively. In contrast, in patients without lymph node
enlargement, FDG-PET operated near a point where sen-
sitivity and specificity were 75% and 93%, respectively. In
patients with enlarged lymph nodes, FDG-PET is more
likely to reveal both true-positive findings that are due to
metastasis and false-positive findings that are due to infec-
tion or inflammation, respectively. The increase in true-
positive findings leads to higher estimated sensitivity, and
the increase in false-positive findings results in lower esti-
mated specificity. Conversely, FDG-PET is more likely to
yield both true-negative and false-negative findings in pa-

Figure 5. Summary receiver-operating characteristic curves for mediastinal staging with positron emission tomography with
18-fluorodeoxyglucose in patients with and without mediastinal lymph node enlargement on computed tomography (CT).

Individual study estimates of sensitivity and 1 � specificity are shown for positron emission tomography with 18-fluorodeoxyglucose in patients with
enlarged lymph nodes (open squares) and without enlarged lymph nodes (open circles). The 2 receiver-operating characteristic curves are nearly identical.
However, in patients with enlarged lymph nodes on CT, studies tend to cluster on a portion of the curve at which sensitivity is favored over specificity.
In patients without lymph node enlargement, studies tend to cluster on a portion of the curve at which specificity is favored over sensitivity. The
approximate points on the curves where positron emission tomography with 18-fluorodeoxyglucose operates in current practice in patients with and
without lymph node enlargement are indicated (solid square and solid circle, respectively). The discriminant function that separates the 2 groups of
patients is shown (dashed line) (P � 0.002 by nonparametric permutation test).
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tients without lymph node enlargement because of the
test’s inherent limitations in its ability to detect small hy-
permetabolic lesions of any origin. The increase in true-
negative findings leads to higher estimated specificity, and
the increase in false-negative findings results in decreased
sensitivity.

Because the negative consequences of false-positive
staging evaluations are so serious (missed opportunities for
surgical cure), we believe that a positive FDG-PET result
does not “rule in” disease with enough certainty unless
pretest probability is very high (�85% to 90%) and that
confirmatory mediastinal biopsy should be performed be-
fore excluding surgery as a treatment option. In fact, when
CT shows lymph nodes that are accessible by transbron-
chial needle aspiration biopsy or endoscopic ultrasound-
guided biopsy, these tests should be considered before PET

imaging, especially if bronchoscopy is already planned for
primary tumor diagnosis.

When FDG-PET results are negative, the decision to
perform biopsy or surgery should be guided by the pretest
probability of mediastinal metastasis, the presence or ab-
sence of lymph node enlargement, the risk for surgical
complications, and patient preferences. While our results
can help to inform clinical decision making, additional
studies are needed to determine the threshold post-test
probability below which surgery without previous medias-
tinal biopsy can be performed.

This study has several limitations. First, we did not
attempt to identify all published studies of CT for medi-
astinal staging, only studies of FDG-PET that also re-
ported results for CT. Thus, our estimates of diagnostic
accuracy for CT may be biased. However, our estimates are

Figure 6. Post-test probabilities of mediastinal metastasis after computed tomography (CT) and positron emission tomography with
18-fluorodeoxyglucose (FDG-PET).

Post-test probabilities are shown as a function of pretest probability in patients with positive FDG-PET results and enlarged lymph nodes on CT (circles),
patients with positive FDG-PET results and no enlarged lymph nodes on CT (squares), patients with negative FDG-PET results and enlarged lymph
nodes on CT (triangles), and patients with negative FDG-PET results and no enlarged lymph nodes on CT (diamonds).
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similar to those reported in recent studies of CT for lymph
node staging (1–3), as well as those reported in the meta-
analysis by Dwamena and colleagues (103). We present the
additional finding that CT provides little diagnostic infor-
mation once the results of FDG-PET are known, confirm-
ing an observation made by Pieterman and colleagues (90)
in a study conducted at a single center in the Netherlands.
Second, it is possible that we did not identify all studies of
FDG-PET for mediastinal staging, particularly unpub-
lished studies. However, we conducted an exhaustive
search for studies published in any language, and an in-
verted funnel plot did not support the hypothesis that sev-
eral small “negative” studies were not identified. Finally,
our estimates of diagnostic accuracy do not capture all of
the potential benefits of staging with whole-body PET,
which identifies unsuspected distant metastasis in approx-
imately 10% of patients with otherwise resectable non–
small-cell lung cancer (81, 90).

We conclude that FDG-PET is more accurate than
CT for mediastinal staging in patients with potentially re-
sectable non–small-cell lung cancer and that the sensitivity
and specificity of FDG-PET depend on the presence or
absence of enlarged mediastinal lymph nodes on CT. Pos-
itive findings on PET imaging should be confirmed by
biopsy before curative surgery is excluded as a treatment
option. Negative findings on FDG-PET should be inter-
preted in light of the patient’s pretest probability of medi-
astinal metastasis and whether CT reveals enlarged medi-
astinal nodes.
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APPENDIX

Literature Searches
We performed the initial literature search in August 2001

and repeated searches of computerized databases in June 2002.
These searches identified 570 potentially relevant studies, includ-
ing 7 studies that did not appear in MEDLINE, CancerLit, or
EMBASE (Figure 1). We excluded 497 studies after scanning
their titles and abstracts: 123 review articles, meta-analyses, and
cost-effectiveness analyses; 117 studies that examined FDG-PET
for applications in thoracic oncology rather than mediastinal
lymph node staging; 68 studies that examined FDG-PET for
oncologic applications outside of lung cancer; 48 studies that
focused on technical aspects of PET imaging; 25 case reports; and
116 other studies for miscellaneous reasons.

We subsequently evaluated 73 full reports for inclusion. Of
these, we excluded 29 studies that did not enroll the required
number of participants (23–31), that did not provide enough
data to permit calculation of sensitivity and specificity (25, 28,
32–46), or that reported duplicate data (32, 47–51). Four addi-
tional studies were excluded because they evaluated FDG imag-
ing with a modified gamma camera (52–55). We also excluded 3
non–English-language papers that were review articles or case
reports (56–58). Another study of mediastinal staging was ex-
cluded because almost one third of the participants had small-cell
lung cancer or mesothelioma (59).

The � coefficient for inter-rater agreement for study eligibil-
ity was 0.64, indicating very good agreement for studies identi-
fied during the initial search.

More recently, 1 author participated in a technology assess-
ment of FDG-PET imaging for the Department of Veterans Af-

fairs. The technology assessment focused on the role of FDG-
PET in managing patients with solitary pulmonary nodules,
colon cancer, and non–small-cell lung cancer. A professional li-
brarian searched MEDLINE, EMBASE, Current Contents, Can-
cerLit (which is now defunct and rolled into MEDLINE), and
BIOSIS by using Dialog, covering 1998 through January 2003.
A full range of descriptors, text, keywords, and synonyms was
used: tomography, emission computed, positron emission tomography,
gamma camera, PET, staging, solitary nodules, coin lesions, and
colorectal cancer. The search retrieved 340 unique reports. A sec-
ond search using various approaches was done on 27 March 2003
to minimize the possibility of poor retrieval due to indexing
flaws. In another series of searches, we expanded retrieval by
using the “related articles” link available only from PubMed and
retrieved articles related to citations that were deemed highly
relevant but had not been retrieved with the first search. The
original search strategy was then edited and expanded by adding
additional terms for PET and eliminating selected terms for
study type and quality but keeping terms for predictive value of
tests, sensitivity and specificity, and neoplasm staging. This sec-
ond search retrieved an additional 181 citations along with many
duplicates. In total, after eliminating duplications, 508 full
records were retrieved for the Veterans Affairs’ review.

Of these, 70 studies were judged to be potentially relevant to
mediastinal staging with FDG-PET. Many were previously iden-
tified in the original literature review. One author evaluated 6
unique reports that were not identified previously. Three reports
were excluded because they did not present enough data to per-
mit calculation of sensitivity and specificity (60–62). In 1 of
these studies, we could not calculate sensitivity and specificity
because the final diagnosis was not reported for 6 participants
with “indeterminate” results on FDG-PET imaging. Three stud-
ies from the supplemental search were included in the meta-
analysis (91, 99, 101).

Study Quality
To assess study quality, we adapted criteria developed by

Kent and colleagues (11), who evaluated imaging tests for the diag-
nosis of lumbar spinal stenosis. The revised criteria include 22 items
that cover 8 dimensions of study quality: technical quality of FDG-
PET, technical quality of CT, technical quality and application
of the reference test or tests, independence of test interpretation,
description of the study sample, cohort assembly, sample size,
and unit of data analysis (Appendix Table 3). To develop criteria
for the technical quality of FDG-PET, we consulted 2 nuclear
medicine physicians experienced in FDG-PET imaging and re-
ferred to guidelines published by the Society of Nuclear Medi-
cine (106). We used a 2-part definition to determine whether
studies met criteria for adequacy of the reference test. To verify
mediastinal lymph node involvement, we required confirmation
by any type of biopsy. To verify the absence of mediastinal lymph
node involvement, we required thoracotomy with systematic
sampling of both normal- and abnormal-appearing lymph nodes
at all accessible mediastinal stations. The median � coefficient for
inter-rater reliability was 0.67, indicating very good agreement.
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Data Synthesis and Statistical Analysis
For each study, we constructed 2 � 2 contingency tables in

which all participants were classified as having positive (N2 or
N3) or negative (N0 or N1) results and as having or not having
mediastinal lymph node involvement, as determined by the ref-
erence test or tests. We calculated the true-positive rate (true-
positive rate � sensitivity), the false-positive rate (false-positive
rate � 1 � specificity), and the log odds ratio (log odds true-
positive rate � log odds false-positive rate) for CT and FDG-

PET. The log odds ratio is a measure of diagnostic test perfor-
mance that accounts for the positive correlation between the
true-positive rate and the false-positive rate. We added 0.5 to
each cell in any 2 � 2 table that contained 1 or more zero values;
otherwise, it would not be possible to compute the log odds ratio
for studies that reported perfect sensitivity or specificity. We cal-
culated exact 95% CIs for the true-positive rate and the false-
positive rate on the basis of the binomial distribution (14).

We used several methods for constructing summary ROC

Appendix Figure. Post-test probabilities of mediastinal metastasis after computed tomography (CT) and positron emission
tomography with 18-fluorodeoxyglucose (FDG-PET).

Post-test probabilities are shown as a function of pretest probability in patients with positive FDG-PET results and enlarged lymph nodes on CT (solid
circles), patients with positive FDG-PET results and no enlarged lymph nodes on CT (solid squares), patients with negative FDG-PET results and
enlarged lymph nodes on CT (solid triangles), and patients with negative FDG-PET results and no enlarged lymph nodes on CT (solid diamonds). When
unconditional estimates of FDG-PET performance are used to make the calculations, post-test probabilities are overestimated when FDG-PET results are
positive and CT shows enlarged lymph nodes (open circles), underestimated when FDG-PET results are positive and CT shows no enlarged lymph nodes
(open squares), overestimated when FDG-PET results are negative and CT shows enlarged lymph nodes (open triangles), and underestimated when
FDG-PET results are negative and CT shows no enlarged lymph nodes (open diamonds).
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curves. These methods have been described previously (13, 15,
16). The ROC curves illustrate the tradeoff between sensitivity
and specificity, as the threshold that defines a positive test result
varies from most stringent to least stringent. Our methods for
constructing summary ROC curves depend on the assumption
that individual study estimates of sensitivity and specificity rep-
resent unique points on a common ROC curve.

We used the method of Moses and colleagues (12) to test
the hypothesis that the ROC curve is symmetrical and therefore
can be described by a single parameter, the summary log odds
ratio. In this method, the true-positive rate and false-positive rate
are logistically transformed and simple linear regression is per-
formed by using the log odds ratio as the dependent variable and
an implied function of the test threshold (log odds true-positive
rate � log odds false-positive rate) as the independent variable.
As this function increases, the test threshold becomes less strin-
gent. The slope of the regression equation indicates the degree to
which the summary ROC curve is not symmetrical, while the
intercept is a measure of diagnostic accuracy. A limitation of this
method is that the logistic transformation requires the use of a
correction factor when the reported sensitivity or specificity is
100%.

When the slope of the regression equation is not statistically
significantly different from 0, the resulting ROC curve is sym-
metrical and can be described by the intercept, which is the
summary log odds ratio. When this condition was met, we used
a fixed-effects model for combining odds ratios when there was
no evidence of heterogeneity (17) and a random-effects model
when there was statistical evidence of heterogeneity (18), because
these methods do not require the use of a correction factor (107).
Nevertheless, all methods produced similar results.

For a global measure of test performance, we expressed our
results in terms of the maximum joint sensitivity and specificity
(12). The maximum joint sensitivity and specificity is the point
on the summary ROC curve at which sensitivity and specificity
are equal. It varies from 0.5 for a diagnostic test that has no
diagnostic value to 1.0 for a diagnostic test that is perfect. Of
note, the maximum joint sensitivity and specificity does not nec-
essarily define the optimal operating point on the summary ROC
curve but rather is a global measure of test performance, similar
to the area under the curve. We calculated the maximum joint
sensitivity and specificity by using the formula Q* � (1 �
e � A/2) � 1, where Q* is the maximum joint sensitivity and spec-
ificity and A is the summary log odds ratio (12).

To estimate the approximate sensitivity and specificity of
FDG-PET and CT in current clinical practice, we selected a
point on the summary ROC curve that corresponded to the
median specificity in the individual studies (108). Other ap-
proaches are possible but not necessarily better. We selected the
point that corresponded to the median specificity because the
data were not normally distributed; specificity was less variable
than sensitivity for FDG-PET; and if we had selected the point
on the curve that corresponded to the median sensitivity, the
estimated sensitivity and specificity of FDG-PET in patients with
enlarged lymph nodes on CT would have been 100% and 0%,
respectively. It is beyond the scope of this analysis to identify the

optimal operating point on the summary ROC curve for FDG-
PET. This question can be addressed by using decision analysis.

To compare the sensitivity and specificity of FDG-PET in
patients with and without lymph node enlargement, we per-
formed discriminant function analysis (20). This technique is
useful for comparing groups on the basis of 1 or more attributes.
Because sensitivity and specificity were not normally distributed
and their covariances were not equal in patients with and without
lymph node enlargement, we used a permutation test to obtain a
P value rather than relying on normal theory (21). We computed
the discriminant analysis statistic and its permutation distribu-
tion under the null hypothesis of no group difference, that is, we
randomly assigned individual study estimates of sensitivity and
specificity to the 2 groups and recomputed the statistic 500
times. One of 500 permutations resulted in an F statistic that was
more extreme than the one observed (F � 15.03), resulting in a
nonparametric P value of 0.002.

To estimate posterior (post-test) probabilities and their 95%
CIs, we used the bootstrap (109) and resampled data from the
individual studies 999 times. For each of the 999 bootstrap sam-
ples, we calculated the summary log odds ratio by using the
Mantel–Haenszel method, the median specificity, the sensitivity
at the point on the ROC curve that corresponded to the median
specificity, likelihood ratios for positive and negative test results,
and post-test probabilities for different values of pretest probabil-
ity. To estimate 95% CIs for post-test probabilities, we assumed
that pretest probabilities were not uncertain but incorporated the
uncertainty in our estimates of sensitivity and specificity.

We used Microsoft Excel 2000 (Microsoft, Inc., Redmond,
Washington) to estimate summary diagnostic odds ratios by us-
ing fixed- and random-effects models and to perform statistical
tests for heterogeneity. We used JMP, version 3.2.6 (SAS Insti-
tute, Cary, North Carolina), to perform all regression analyses
and SPSS for Windows, version 11.5 (SPSS, Inc., Chicago, Illi-

Appendix Table 1. Initial Search Strategy for Computerized
Databases*

S1 explode lung neoplasms/
S2 explode carcinoma, non–small-cell lung/
S3 1 or 2
S4 explode tomography, emission-computed/
S5 positron emission tomography.mp.
S6 pet$.mp.
S7 animal not (human and animal).mp.
S8 6 not 7
S9 explode deoxyglucose/ or deoxyglucose.mp.
S10 deoxy-glucose.mp.
S11 fluorodeoxyglucose.mp.
S12 18fluorodeoxyglucose.mp.
S13 fludeoxyglucose.mp.
S14 fdg.mp.
S15 18fdg.mp.
S16 f-18-fdg.mp.
S17 fluoro-2-deoxy-d-glucose.mp.
S18 2fluoro-2deoxyglucose.mp.
S19 fluoro-d-glucose.mp.
S20 4 or 5 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18

or 19
S21 3 and 20
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nois), to perform discriminant function analysis. We used Mi-
crosoft Excel and Crystal Ball 2000 standard edition simulation
software (Decioneering, Inc., Denver, Colorado) to generate
bootstrap confidence intervals for post-test probabilities.

Sensitivity Analysis
To determine whether particular study characteristics af-

fected diagnostic accuracy, we used meta-regression. We per-
formed multiple linear regression analysis by introducing addi-
tional covariates into the simple linear regression model described

above, one at a time. Specifically, we tested the effect of each item
in our study quality instrument, as well as language and year of
publication. We also examined the effect of overall study quality
by entering a variable that indicated whether the study satisfied at
least 70% of our criteria for methodologic quality. In other anal-
yses, we examined the effect of excluding studies that reported
the sensitivity and specificity of FDG-PET for distinguishing no
lymph node involvement (N0) from any lymph node involve-
ment (N1, N2, or N3) and studies that enrolled fewer than 10
participants with and without mediastinal metastasis.

Appendix Table 2. Supplementary Search Strategy Employed in Veterans Affairs Technology Assessment

Set Items, n Description

S1 72 496 POSITRON()EMISSION(2N)TOMOGRAPHY?/TI,DE OR TOMOGRAPHY, EMISSION-COMPUTED!
S2 10 040 PET/TI AND HUMAN/DE
S3 1874 COMPUTER(1N)ASSIST?(1N)EMISSION(1N)TOMOGRAPH?/TI,DE OR WHOLE BODY TOMOGRAPHY!
S4 74 203 S1 OR S2 OR S3
S5 3993 FDG()PET/TI
S6 75 236 S4 OR S5
S7 9691 DEOXYGLUCOSE!
S8 38 421 DEOXYGLUCOSE OR DEOXY()GLUCOSE OR FLUORODEOXYGLUCOSE OR 18FLUORODEOXYGLUCOSE OR

FLUDEOXYGLUCOSE OR FDG/TI
S9 1782 18FDG OR F()18()DG OR FLUORO()2()DEOXY()D()GLUCOSE OR 2FLUORO()2DEOXYGLUCOSE OR FLUORO()D()GLUCOSE
S10 17 371 S6 AND (S7 OR S8 OR S9)
S11 153 976 LUNG(1N)(NEOPLAS? OR CANCER? OR CARCINOMA? OR TUMOR? OR TUMOUR?)/TI,DE
S12 14 272 CARCINOMA, NON-SMALL-CELL LUNG! OR CARCINOMA, SMALL CELL!
S13 29 401 SMALL(1N)CELL(1N)CARCINOMA?/TI,DE OR NON(1N)SMALL(1N)CELL(1N)CARCINOMA/TI,DE
S14 25 795 (S12 OR S13) AND (LUNG? OR BRONCH? OR PULMONARY?)/TI,DE
S15 5194 SOLITARY()PULMONARY()NODULE?/TI,DE OR LUNG(1N)NODULE?/TI,DE OR COIN()LESION?/TI,DE OR

PULMONARY()NODULE?/TI,DE
S16 6470 MEDIASTIN?(1N)(STAG? OR NEOPLAS? OR TUMOR? OR TUMOUR? OR CANCER? OR CARCINOMA?)/TI,DE
S17 77 796 NEOPLAS?(1N)STAG? OR CANCER(1N)STAG?/TI,DE
S18 1914 S16 AND (LUNG? OR BRONCHO? OR PULMON?)/TI,DE
S19 68 827 COLORECTAL NEOPLASMS! OR COLORECTAL CANCER!
S20 79 722 COLORECTAL?()(NEOPLAS? OR TUMOR? OR TUMOUR? OR CANCER? OR CARCINOMA?)/TI,DE
S21 3014 S10 AND (S11 OR S12 OR S14 OR S15 OR S17 OR S18 OR S19 OR S20)
S22 2689 S21/ENG
S23 1606 RD (unique items)
S24 178 S23 AND (EFFICAC? OR EFFECTIV? OR ASSESS? OR META()ANALY? OR METAANALY? OR CONSENSUS? OR

POSITION()PAPER?)/TI,DE
S25 167 S23 AND (REVIEW? OR REPORT? OR EVIDENCE? OR BIBLIOGRAPHY? OR GUIDELINE? OR SYSTEMATIC?)/TI,DE
S26 38 S23 AND (DT�REVIEW? OR QUANTITATIVE? OR QUALITATIVE? OR SURVEY?)/TI,DE
S27 292 S23 AND (SENSITIVITY A?D SPECIFICITY/TI,DE) OR (PREDICTIVE()VALUE()TESTS/TI,DE)
S28 29 S23 AND (RECOMMENDATION? OR PROTOCOL? OR CLINICAL()PATH OR CRITICAL()PATH)/TI,DE
S29 2689 S22 OR S23 OR S24 OR S25 OR S26 OR S27 OR S28
S30 2122 S29 AND PY�1998:2003
S31 2087 S30/HUMAN
S32 2087 S31/ENG
S33 166 174 CLINICAL?()PROTOCOL? OR FEASIBILITY()STUD? OR REPRODUCIBILITY(1N)RESULT? OR RESEARCH()DESIGN
S34 775 763 DOUBLE()BLIND? OR RANDOM()ALLOCAT? OR CLINICAL()TRIAL? OR CONTROL()STUD??? ?
S35 614 005 CLINICAL?()STUD??? ?
S36 1 132 596 RANDOM?()CONTROL? OR COMPARATIV?()STUD??? ?
S37 1 330 134 CONTROL?(2N)TRIAL? OR EFFICACY OR EFFECTIVENESS
S38 706 082 GUIDELINE? OR CONSENSUS()DEVELOP? OR RECOMMENDATION? OR PROTOCOL? OR CLINICAL()PATH? OR

POSITION()PAPER? OR CRITICAL()PATH?
S39 1 593 834 META()ANALY? OR META-ANALY? OR METAANALY? OR DT�META-ANALYSIS OR DT�REVIEW? OR DT�GUIDELINE?

OR CONSENSUS?/TI
S40 244 195 OVERVIEW?/TI OR COCHRANE?/TI OR SURVEY?/TI OR EVIDENCE()BASE?/TI,AB,DE
S41 435 008 OVERVIEW?/TI OR COCHRANE?/TI OR SURVEY?/TI OR BIBLIOGRAPH?/TI OR SYSTEMATIC?/TI OR CRITICAL?/TI OR

METHODOLOGIC?/TI
S42 315 571 QUANTITATIVE?/TI OR QUALITATIVE?/TI OR LITERATURE?/TI
S43 380 141 EVIDENCE?/TI OR EVIDENCE()BASE?/TI,AB,DE
S44 205 731 (S40 OR S41 OR S42) AND (REVIEW?/TI OR REPORT?/TI OR ASSESS?/TI,DE OR DT�REVIEW?)
S45 4 813 844 S33 OR S34 OR S35 OR S36 OR S37 OR S38 OR S39
S46 564 422 S43 OR S44
S47 1032 S32 AND (S45 OR S46)
S48 629 RD (unique items)
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RESULTS

Evidence of Statistical Heterogeneity
We used a chi-square test to identify heterogeneity in log

odds ratios for studies that analyzed results by using the patient as
the unit of analysis (18). There was no evidence of statistical
heterogeneity in studies of CT (P � 0.2) or in studies of FDG-
PET that reported results for patients with (P � 0.2) and with-
out (P � 0.2) lymph node enlargement separately. Therefore, we
used a fixed-effects model to derive estimates of diagnostic test
performance for these data. Because we identified evidence of
statistical heterogeneity in the log odds ratios of studies of FDG-
PET (P � 0.05), we used a random-effects model to derive sum-
mary estimates of test performance for these studies.

We also inspected log odds ratios of individual studies to
identify “outliers” that contributed to heterogeneity in the FDG-
PET studies. Three studies were responsible for nearly 30% of
the total heterogeneity (74, 87, 94). One high-quality study in 68
patients with a relatively high prevalence of mediastinal metasta-
sis (41%) reported very high estimates of sensitivity (93%) and
specificity (95%) (74). Another high-quality study of 81 partici-
pants with a lower prevalence of mediastinal metastasis (26%)
reported poor sensitivity (52%) and intermediate specificity
(88%) (94). A smaller study (22 participants) of average quality
with a low prevalence of metastasis (27%) reported relatively low
estimates for both sensitivity (67%) and specificity (69%) (87).
Excluding these studies individually did not greatly affect statis-
tical heterogeneity (P � 0.08 to 0.12), but excluding all 3 studies
reduced the heterogeneity to a nonsignificant level (P � 0.2).
Summary estimates of diagnostic accuracy were the same (maxi-
mum joint sensitivity and specificity, 86%) before and after ex-
cluding each of these studies individually and all 3 of them si-
multaneously.

We could not identify other sources of heterogeneity besides
the year of publication and specifying whether participants un-
derwent FDG-PET imaging in the fasting state. Of note, all 3 of
the studies we mentioned earlier reported that participants un-
derwent FDG-PET in the fasting state.

To examine diagnostic accuracy in studies that were least
likely to be biased, we restricted the analysis to 9 studies of
FDG-PET in which participants were enrolled prospectively,
FDG-PET and CT readers were blinded to the results of the
reference test or tests, and systematic sampling of both normal-
and abnormal-appearing lymph nodes at all accessible mediasti-
nal stations was used to exclude mediastinal metastasis (64, 66,
67, 70, 73–76, 90). In this analysis, there was no evidence of
statistical heterogeneity (P � 0.18), and diagnostic accuracy was
slightly higher than our base-case estimate (maximum joint sen-
sitivity and specificity, 89% [CI, 85% to 91%]), although the
difference between these studies and those that did not meet all 3
criteria was not statistically significant (P � 0.10).

Bias in Estimates of Sensitivity and Specificity when the
Unit of Analysis Is Not the Patient

To illustrate how not using the patient as the unit of analysis
can result in biased estimates of sensitivity and specificity, we
consider 10 hypothetical patients with potentially resectable

non–small-cell lung cancer (Appendix Tables 5 and 6). Each
patient undergoes FDG-PET imaging and has normal- and ab-
normal-appearing lymph nodes sampled from 5 accessible medi-
astinal stations during thoracotomy. At thoracotomy, 4 patients
have evidence of mediastinal metastasis at 1 of 5 lymph node
stations; FDG-PET results are true-positive at the involved
lymph node station in all 4 of these patients. One patient has
metastasis at all 5 lymph node stations; FDG-PET results are
false-negative at all 5 stations. Five other patients have no evi-
dence of lymph node metastasis; FDG-PET results are true-neg-
ative at all 5 lymph node stations in 4 of the patients and are
false-positive at 1 lymph node station in 1 patient. When the
lymph node station is the unit of analysis, the calculated preva-
lence of mediastinal metastasis is 18%, sensitivity is 44% (4 true-
positive lymph node stations among 9 stations with mediastinal
metastasis), and specificity is 98% (40 true-negative lymph node
stations among 41 stations without mediastinal metastasis). In
contrast, when the individual patient is the unit of analysis, the
calculated prevalence of mediastinal metastasis is 50%, sensitivity
is 80% (4 patients with true-positive findings among 5 patients
with mediastinal metastasis), and specificity is 80% (4 patients
with true-negative findings among 5 patients without mediastinal
metastasis). Thus, in this example, not using the patient as the
unit of analysis overestimates specificity and underestimates dis-
ease prevalence and sensitivity.

Appendix Table 3. Criteria for Assessing Study Quality*

Technical quality of FDG-PET
Spatial resolution � 11 mm
FDG uptake period � 30 min
FDG dose � 10 mCi
Acquisition time for emission scan specified
Attenuation correction performed
Participants with hyperglycemia excluded
Participants studied in the fasting state
Positive test results defined according to specific criteria

Technical quality of CT
Section thickness � 10 mm
Intravenous contrast used or section thickness � 5 mm to view

aortopulmonary window
Acquisition time � 2 s or spiral mode used
Positive test results defined according to specific criteria

Technical quality and application of the reference test or tests
Biopsy to confirm mediastinal metastasis
To confirm the absence of mediastinal metastasis, thoracotomy with

systematic sampling of normal and abnormal lymph nodes at all
accessible stations

Independence of test interpretation
CT and FDG-PET readers blinded to the results of the reference test or

tests
CT readers blinded to FDG-PET results
FDG-PET readers blinded to CT results

Clinical characteristics of the study sample described (age, sex, number of
patients with non–small-cell lung cancer, and prevalence of mediastinal
metastasis)

Cohort assembly
Participants enrolled prospectively
Clinically relevant cohort (patients with potentially resectable

non–small-cell cancer)
Sample size of at least 35 participants with or without mediastinal

metastasis
Individual patient used as unit of data analysis

* CT � computed tomography; FDG � 18-fluorodeoxyglucose; FDG-PET �
positron emission tomography with 18-fluorodeoxyglucose.
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Appendix Table 4. Characteristics of Participants, Diagnostic Accuracy, and Aspects of Methodologic Quality in Studies of Computed
Tomography and Positron Emission Tomography with 18-Fluorodeoxyglucose for Mediastinal Staging*

Author, Year (Reference) Participants Men Mean Age
± SD (Range)

Staging Evaluations Prevalence of
Mediastinal
Metastasis

n % y n

Studies in which the individual patient was the
unit of analysis

Wahl et al., 1994 (63) 23 74 63.8 (42–84) 27† 41
Chin et al., 1995 (64) 30 63 61 (47–76) 30 30
Valk et al., 1995 (66)‡ 99 53 66 (46–87) 76§ 32
Bury et al., 1996 (67) 50 NR 65 (44–75) 50 32
Sazon et al., 1996 (69)‡ 107 99 62 � 9 32 50
Scott et al., 1996 (70) 27 81 64 (40–85) 27 33
Guhlmann et al., 1997 (71)‡� 46 89 56.7 (24–78) 32 47
Hagberg et al., 1997 (72)‡ 49 92 63 18 50
Steinert et al., 1997 (73)‡ 62 82 59.9 (39–75) 47 28
Vansteenkiste et al., 1998 (74) 68 NR 64 (40–83) 68 41
Vansteenkiste et al., 1998 (75) 56 NR 62 (33–75) 56 50
Albes et al., 1999 (76) 27 89 59 27 59
Higashi et al., 1999 (78) 42 NR NR 42 19
Magnani et al., 1999 (80) 28 93 63 (50–75) 28 32
Marom et al., 1999 (81)‡ 100 58 63 (25–83) 79 56
Richter et al., 1999 (82) 55 NR NR 22 41
Saunders et al., 1999 (83)‡ 97 66 63.3 (36–77) 81 20
Demura et al., 2000 (85) 65 NR NR 25 36
Farrell et al., 2000 (86) 84 54 66 (47–82) 83¶ 5
Kitase et al., 2000 (87) 22 59 64 22 27
Kubota et al., 2000 (88) 36 NR NR 36 50
Liewald et al., 2000 (89) 80 85 69 (24–78) 80 31
Pieterman et al., 2000 (90) 102 86 63 (25–77) 102 31
Roberts et al., 2000 (91) 100 NR NR 100 24
Tatsumi et al., 2000 (92) 21 57 61.7 � 11.2 21 48
Changlai et al., 2001 (93)‡ 156 48 67 127 64
Dunagan et al., 2001 (94) 152 NR 64 � 9 81 26
Guan et al., 2001 (95)‡ 82 61 Men: 56 42 43

Women: 58
Gupta et al., 2001 (96)‡ 111 66 (35–84) 77 31
Poncelet et al., 2001 (97) 64 4:1 ratio 65.2 (45–83) 62 15
Kernstine et al., 2002 (98) 237 58 65 � 11 237 19
Vesselle et al., 2002 (99) 142 NR NR 118 36
von Haag et al., 2002 (100) 52 NR NR 52 12

Studies in which lymph nodes, lymph node
stations, or mediastinal sides were the
unit of analysis

Patz et al., 1995 (65) 42 62 57 (25–85) 62 stations 37
Sasaki et al., 1996 (68) 29 69 65 (46–82) 71 regions 24
Scott et al., 1996 (70)** 27 81 64 (40–85) 27 stations 13
Steinert et al., 1997 (73)‡** 62 82 59.9 (39–75) 112 stations 25
Vansteenkiste et al., 1998 (74)** 68 NR 64 (40–83) 690 stations 7
Vansteenkiste et al., 1998 (75)¶** 56 NR 62 (33–75) 493 stations 12
Berlangieri et al., 1999 (77)‡ 50 74 64 (41–78) 201 stations 10
Kernstine et al., 1999 (79) 64 64 65 � 9 (33–77) 122 sides 16
Weber et al., 1999 (84)‡ 27 96 62 � 9 88 stations 13
Gupta et al., 2001 (96)‡** 111 66 (35–84) 288 nodes 19
Graeter et al., 2003 (101)‡ 102 84 62 � 9 380 stations (82 patients) 21

* CT � computed tomography; FNR � false-negative rate; FPR � false-positive rate; NC � not able to calculate; NR � not reported; PET � positron emission tomog-
raphy; TPR � true-positive rate; TNR � true-negative rate.
† 27 mediastinal sides were evaluated in 23 participants, including 4 participants with benign diagnoses who were presumed to have no lymph node involvement on 8 sides
of the mediastinum.
‡ In these studies, summary data about clinical characteristics were provided for all participants, but separate data for the subgroup of participants who underwent mediastinal
staging were not provided.
§ Two participants had bilateral tumors. Thus, 76 mediastinal sides were evaluated in 74 participants with 76 pulmonary tumors.
� Because this study and the study by Liewald et al. (89) probably had overlapping patient populations, this study was included only for calculating estimates of conditional
test performance.
¶ Mediastinal status was not reported for 1 participant with evidence of distant metastases on positron emission tomography with 18-fluorodeoxyglucose.
** These studies reported results using both the patient and mediastinal stations or individual lymph nodes as the unit of analysis.
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Appendix Table 4—Continued

Computed Tomography Positron Emission Tomography Prospective
Enrollment?

Optimal
Reference
Tests Used?

PET and CT
Readers Blinded
to Results of
Reference Tests?

Sensitivity
(TPR/[TPR � FNR])

Specificity
(TNR/[TNR � FPR])

Sensitivity
(TPR/[TPR � FNR])

Specificity
(TNR/[TNR � FPR])

4OOOOOOOOOOOOOOOOOOOOO%OOOOOOOOOOOOOOOOOOOOO3

63.6 (7/11) 43.8 (7/16) 81.8 (9/11) 81.3 (13/16) Yes No Yes
44.4 (4/9) 90.5 (19/21) 66.7 (6/9) 85.7 (18/21) Yes Yes Yes
62.5 (15/24) 73.1 (38/52) 83.3 (20/24) 94.2 (49/52) Yes No Yes
75 (12/16) 87.9 (29/33) 87.5 (14/16) 97 (32/33) Yes Yes Yes
81.3 (13/16) 56.3 (9/16) 100 (16/16) 100 (16/16) No No Yes
66.7 (6/9) 83.3 (15/18) 100 (9/9) 100 (18/18) Yes Yes Yes
46.7 (7/15) 82.4 (14/17) 86.7 (13/15) 100 (17/17) No Yes Yes
55.6 (5/9) 100 (9/9) 66.7 (6/9) 100 (9/9) No No Yes
NC NC 92.3 (12/13) 97.1 (33/34) Yes Yes Yes
75 (21/28) 62.5 (25/40) 92.9 (26/28) 95 (38/40) Yes Yes Yes
85.7 (24/28) 42.9 (12/28) 85.7 (24/28) 78.6 (22/28) Yes Yes Yes
93.8 (15/16) 72.7 (8/11) 87.5 (14/16) 81.8 (9/11) Yes Yes Yes
50 (4/8) 73.5 (25/34) 62.5 (5/8) 94.1 (32/34) No Yes No
66.7 (6/9) 84.2 (16/19) 66.7 (6/9) 84.2 (16/19) Yes Yes No
59.1 (26/44) 85.7 (30/35) 90.9 (40/44) 88.6 (31/35) Yes No No
55.6 (5/9) 92.3 (12/13) 100 (9/9) 92.3 (12/13) No No No
17.6 (3/17) 89.6 (60/67) 70.6 (12/17) 97 (65/67) No No Yes
NR NR 66.7 (6/9) 81.3 (13/16) No No No
0 (0/11) 100 (73/73) 100 (4/4) 92.4 (73/79) No No No
0 (0/6) 100 (16/16) 66.7 (4/6) 68.8 (11/16) No Yes No
66.7 (4/6) 66.7 (8/12) 50 (3/6) 100 (12/12) Yes No Yes
NR NR 92 (23/25) 76.4 (42/55) No Yes Yes
75 (24/32) 65.7 (46/70) 90.6 (29/32) 85.7 (60/70) Yes Yes Yes
NR NR 87.5 (21/24) 90.7 (69/76) No Yes Yes
NR NR 80 (8/10) 81.8 (9/11) Yes No Yes
NR NR 87.7 (71/81) 82.6 (38/46) No No Yes
50 (9/18) 87 (47/54) 52.4 (11/21) 88.3 (53/60) No No Yes
61.1 (11/18) 79.2 (19/24) 94.4 (17/18) 100 (24/24) No No No

NC NC 87.5 (21/24) 88.7 (47/53) No Yes No
55.6 (5/9) 67.9 (36/53) 66.7 (6/9) 83.0 (44/53) Yes Yes No
NR NR 81.8 (36/44) 81.9 (158/193) No No No
NR NR 81 (34/42) 96.1 (73/76) Yes No No
50 (3/6) 65.2 (30/46) 66.7 (4/6) 91.3 (42/46) No No No

43.5 (10/23) 84.6 (33/39) 82.6 (19/23) 82.1 (32/39) Yes Yes Yes
64.7 (11/17) 87 (47/54) 76.5 (13/17) 98.1 (53/54) No Yes No
60 (6/10) 93.8 (61/65) 100 (10/10) 98.5 (64/65) Yes Yes Yes
57.1 (16/28) 94 (79/84) 89.3 (25/28) 98.8 (83/84) Yes Yes Yes
46.8 (22/47) 95.8 (616/643) 89.4 (42/47) 98.9 (636/643) Yes Yes Yes

92.1 (399/433) 63.3 (38/60)
65 (13/20) 89.5 (162/181) 80 (16/20) 96.7 (175/181) Yes Yes No
65 (13/20) 80.4 (82/102) 70 (14/20) 87.3 (89/102) Yes Yes No
90.9 (10/11) 92.2 (71/77) 100 (11/11) 97.4 (75/77) Yes Yes Yes
67.9 (36/53) 61.3 (141/230) 86.8 (46/53) 92.2 (212/230) No Yes No
NR NR 93.8 (75/80) 84.3 (253/300) No Yes No
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Additional Sensitivity Analyses
We obtained estimates of diagnostic accuracy that were very

similar to our base-case estimate when we restricted the analysis
to studies that enrolled at least 10 patients with mediastinal me-
tastasis and 10 patients without mediastinal metastasis (maxi-
mum joint sensitivity and specificity, 87% [CI, 85% to 88%]).
We also obtained similar estimates when we restricted the anal-

ysis to studies that reported the sensitivity and specificity of
FDG-PET for distinguishing N0 or N1 disease from N2 or N3
lymph node involvement (maximum joint sensitivity and speci-
ficity, 86% [CI, 84% to 88%]).

Appendix Table 5. Hypothetical Data To Illustrate Bias in
Estimates of Sensitivity and Specificity When the Patient Is Not
the Unit of Analysis*

Patient Lymph Node Station

1 2 3 4 5

1 TP TN TN TN TN
2 TP TN TN TN TN
3 TP TN TN TN TN
4 TP TN TN TN TN
5 FN FN FN FN FN
6 TN TN TN TN TN
7 TN TN TN TN TN
8 TN TN TN TN TN
9 TN TN TN TN TN
10 TN TN TN TN FP

* FN � false negative; FP � false positive; TN � true negative; TP � true posi-
tive. See Appendix Table 6 for calculations.

Appendix Table 6. Calculations Demonstrating Bias in Estimates
of Sensitivity and Specificity When the Patient Is Not the Unit
of Analysis*

Unit of Analysis Value Thoracotomy

Positive Negative Total

Lymph node station
FDG-PET

Positive 4 1 5
Negative 5 40 45

Total 9 41 50
Prevalence 0.18
Sensitivity 0.44
Specificity 0.98

Patient
FDG-PET

Positive 4 1 5
Negative 1 4 5

Total 5 5 10
Prevalence 0.50
Sensitivity 0.80
Specificity 0.80

* FDG-PET � positron emission tomography with 18-fluorodeoxyglucose.
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